Introduction
============

Pain represents a major public health problem worldwide,[@b1-jpr-8-105]--[@b3-jpr-8-105] with chronic pain affecting approximately 27% of the adult population in Europe[@b4-jpr-8-105] and more than 100 million adults in the United States.[@b1-jpr-8-105] Undertreated acute pain can be associated with an increased risk of deleterious health consequences (eg, delayed wound healing, immune dysfunction, cardiovascular problems related to the stress response, and respiratory problems, such as pneumonia) and the development of chronic pain.[@b5-jpr-8-105] In addition, unrelieved chronic severe pain can negatively impact an individual's quality of life, day-to-day functioning, sleep quality, interpersonal relationships, and work productivity, and is associated with a substantial economic burden.[@b1-jpr-8-105],[@b6-jpr-8-105]

There are two major options for the pharmacological management of pain: non-steroidal anti-inflammatory drugs (NSAIDs), which act via inhibition of cyclooxygenase (COX) isozymes, and opiate/opioid analgesics.[@b7-jpr-8-105],[@b8-jpr-8-105] NSAIDs, which are among the most widely used medications worldwide,[@b9-jpr-8-105],[@b10-jpr-8-105] are often preferred because of their low abuse potential, robust efficacy, and long history of clinical use.[@b11-jpr-8-105] Guidelines for pain management tend to be specific to medical conditions or settings. Current guidelines for chronic low back pain and osteoarthritis generally recommend the use of oral acetaminophen (or topical NSAIDs for osteoarthritis) for first-line pain management, with other oral NSAIDs recommended in the first-line or second-line setting depending on the specific guideline; some guidelines also recommend opioids, although typically not as first-line therapy.[@b8-jpr-8-105],[@b12-jpr-8-105]--[@b15-jpr-8-105] It has, however, recently been shown that acetaminophen is not measurably effective in acute low back pain (ie, not more effective than placebo).[@b16-jpr-8-105] Other work in patients with osteoarthritis demonstrated that ibuprofen was associated with greater improvements compared with acetaminophen in measures of osteoarthritis pain, function, and quality of life.[@b17-jpr-8-105] Acetaminophen and other oral NSAIDs are also recommended for acute pain, such as postoperative pain management.[@b7-jpr-8-105]

The first non-opioid analgesics (phenazone, paracetamol, and aspirin) were found by serendipity more than 100 years ago.[@b18-jpr-8-105] Later, systematic research identified their mode of action as inhibition of prostanoid production.[@b18-jpr-8-105] The development of animal models of pain and inflammation led to the discovery of a host of new NSAIDs (eg, diclofenac, ibuprofen, ketoprofen, naproxen), many of which were acidic, highly protein-bound compounds that generally showed similar therapeutic effects and side effects related to their inhibitory activity on prostanoid synthesis.[@b18-jpr-8-105]

NSAIDs inhibit prostanoid biosynthesis through their activity on the COX enzymes COX-1 and COX-2.[@b19-jpr-8-105] The two COX isoforms (COX-1 and COX-2) have different functions, and the inhibition of these isoforms results in different therapeutic effects and side effects.[@b11-jpr-8-105] Efforts to avoid the gastrointestinal side effects associated with COX-1 inhibition[@b11-jpr-8-105] led to the development of selective COX-2 inhibitors called "coxibs", which were designed to inhibit COX-2 while sparing COX-1 at therapeutic doses.[@b18-jpr-8-105] Evidence of increased risk of myocardial infarction and other thrombotic events led to concerns over the cardiovascular safety of coxibs, resulting in the withdrawal of rofecoxib from the market in 2004.[@b10-jpr-8-105] However, traditional NSAIDs, which inhibit COX-2 without sustained inhibition of platelet COX-1, may also be associated with an increased risk of cardiovascular events, particularly at high doses.[@b11-jpr-8-105],[@b20-jpr-8-105]--[@b23-jpr-8-105]

Although novel compounds are being developed (eg, COX-inhibiting nitrous oxide donors) to improve safety and tolerability, it is unlikely that an ideal oral NSAID that avoids all potential side effects will be available in the near future.[@b11-jpr-8-105],[@b24-jpr-8-105] Thus, strategies are needed to reduce the risks associated with currently available NSAIDs. Drug choice should be driven by the clinical and demographic features (eg, age) of the patient, and the lowest effective dose of drug should be used for the shortest period of time[@b25-jpr-8-105] to reduce the risk of cardiovascular and gastrointestinal side effects related, at least in part, to drug exposure.[@b11-jpr-8-105]

The development of whole-blood assays of COX isozyme inhibition in vitro has proved useful for differentiating NSAIDs based on their pharmacodynamic features, such as COX-2 versus COX-1 selectivity (ie, experimental COX isoenzyme selectivity),[@b26-jpr-8-105]--[@b28-jpr-8-105] while ex vivo assessment after NSAID dosing allows evaluation of COX isozyme selectivity achieved at circulating drug levels. Additionally, the use of biochemical markers of COX isozyme inhibition in vivo, such as the assessment of major enzymatic urinary metabolites of the parent prostanoid, permits assessment of the actual inhibition of prostanoid biosynthesis following NSAID dosing. The use of these biomarkers of COX inhibition have provided a mechanistic interpretation of the efficacy, adverse events, and interindividual variability associated with NSAID treatment.[@b21-jpr-8-105],[@b22-jpr-8-105],[@b29-jpr-8-105]--[@b31-jpr-8-105]

This review provides an overview of these and other key aspects that differentiate orally administered NSAIDs, with a focus on the role of these factors in establishing the safety and tolerability of individual NSAIDs for analgesia. Characterization of the pharmacokinetic and pharmacodynamic differences between these compounds and their relationship with the administered oral dose may allow for better tailoring of NSAID therapy to individual patient needs.

Mechanism of action of NSAIDs: COX-1 and COX-2 inhibition
=========================================================

The anti-inflammatory, analgesic, and antipyretic activities of NSAIDs are mediated by their inhibition of prostanoid biosynthesis.[@b11-jpr-8-105],[@b32-jpr-8-105],[@b33-jpr-8-105] Prostanoids are synthesized from arachidonic acid, a fatty acid present in cell membranes as a phospholipid ester.[@b11-jpr-8-105],[@b19-jpr-8-105],[@b32-jpr-8-105] COX isozymes convert arachidonic acid first to prostaglandin (PG)G~2~ and then to PGH~2~, which undergoes a series of subsequent conversion reactions, ultimately producing five bioactive prostanoids, ie, PGD~2~, PGE~2~, PGF~2α~, PGI~2~ (prostacyclin), and thromboxane A~2~ (TxA~2~)[@b19-jpr-8-105]. These bioactive prostanoids exhibit various cell-specific and tissue-specific activities through their interaction with different receptors, mediating a range of diverse, and often opposing, physiological and pathological processes, including induction and resolution of the inflammatory response, protection of and damage to the gastrointestinal mucosa, promotion and inhibition of blood clotting and atherosclerosis, and renal control of blood pressure and renal disease.[@b23-jpr-8-105],[@b34-jpr-8-105]

As described previously, there are two distinct isoforms of COX: the constitutively expressed COX-1 isoform and the inducible COX-2 isoform.[@b11-jpr-8-105],[@b32-jpr-8-105],[@b35-jpr-8-105] COX-1 is present in the majority of cells and tissues, including the endothelium, monocytes, gastrointestinal epithelial cells, and platelets.[@b32-jpr-8-105] In contrast, COX-2 is constitutively expressed in only a few tissues.[@b32-jpr-8-105] However, expression of COX-2 is upregulated in a variety of cells and tissues, such as vascular endothelium, rheumatoid synovial endothelial cells, monocytes, and macrophages, during inflammation through the actions of various inflammatory mediators (eg, bacterial endotoxins, tumor necrosis factor α, interleukins); the increase in COX-2 protein levels is the primary driving force for enhanced production of prostanoids at inflammatory sites.[@b32-jpr-8-105],[@b35-jpr-8-105] Although COX-2 is the primary pathway, evidence suggests that COX-1 may also contribute to the initial phase of prostanoid-dependent pain and inflammation; in vivo, COX-1 is expressed, along with COX-2, in circulating inflammatory cells and in inflamed tissue.[@b19-jpr-8-105],[@b34-jpr-8-105] The roles of COX-1 and COX-2 in different systems are summarized in [Figure 1](#f1-jpr-8-105){ref-type="fig"}.

During the inflammatory response, COX-dependent prostanoids play a role in the development of hyperalgesia. PGE~2~ and PGI~2~ increase the sensitivity of pain receptors (or nociceptors) in the periphery and enhance the activity of various pain mediators.[@b34-jpr-8-105],[@b36-jpr-8-105] Peripheral inflammation is also associated with upregulation of COX-2 and an increase in PGE~2~ in the central nervous system, while contributing to the development of central hyperalgesia.[@b34-jpr-8-105] The role of COX-2 in the development of central hyperalgesia has been demonstrated in an engineered mouse model, in which conditional deletion of the gene for COX-2 in neurons and glial cells of the central nervous system resulted in the reduction of peripheral inflammation--induced COX-2 expression in the spinal cord and of mechanical hypersensitivity related to joint movement or tenderness to touch.[@b37-jpr-8-105]

In general, NSAIDs inhibit prostanoid synthesis by competitive and transient inhibition of arachidonic acid binding to the COX active site.[@b19-jpr-8-105] The therapeutic effects of NSAIDs largely result from COX-2 inhibition at sites of inflammation, while many of the side effects associated with NSAIDs, particularly gastrointestinal side effects, are attributed to inhibition of the protective effects of prostanoids produced by COX-1.[@b11-jpr-8-105],[@b23-jpr-8-105],[@b33-jpr-8-105] Although all NSAIDs generally act by inhibition of arachidonic acid binding at COX, the mechanism of action of aspirin (acetylsalicylic acid) differs fundamentally from that of non-aspirin NSAIDs in that it causes an irreversible inactivation of COX-1 and COX-2 in most patients, preventing the oxidative conversion of arachidonic acid to PGG~2~ and PGH~2~ [@b38-jpr-8-105]. In non-nucleated platelets, this effect confers persistent inhibition of COX-1--mediated TxA~2~ production and platelet function throughout the dosing interval.[@b38-jpr-8-105],[@b39-jpr-8-105] Acetaminophen also differs from other NSAIDs in that it has no measurable anti-inflammatory effects at therapeutic doses,[@b40-jpr-8-105] but primarily inhibits prostanoid-mediated hyperalgesia through suppression of PGE~2~ biosynthesis.[@b40-jpr-8-105]--[@b42-jpr-8-105]

Inhibition of prostanoid biosynthesis by NSAIDs is responsible for the therapeutic activities of these drugs;[@b11-jpr-8-105],[@b32-jpr-8-105] however, this inhibitory activity also suppresses other effects of these prostanoids, resulting in the side effects associated with NSAID treatment.[@b22-jpr-8-105],[@b23-jpr-8-105],[@b33-jpr-8-105] For example, inhibition of PGE~2~ production may reduce hyperalgesia but may also reduce the tissue-protective effects of this prostanoid in various organs, including the gastrointestinal tract, vascular wall, kidney, and lung.[@b11-jpr-8-105]

Pharmacokinetics and pharmacodynamics of NSAIDs
===============================================

COX isozyme selectivity
-----------------------

Different NSAIDs display different levels of selectivity for the COX-1 and COX-2 isoforms in vitro as a consequence of the chemical features of the drug.[@b11-jpr-8-105],[@b21-jpr-8-105],[@b22-jpr-8-105],[@b33-jpr-8-105] Selectivity for the COX-1 and COX-2 isoforms, as well as the extent of inhibition reached after dosing with NSAIDs, can be determined using whole-blood assays.[@b27-jpr-8-105],[@b28-jpr-8-105],[@b43-jpr-8-105] Maximal platelet COX-1 activity is assessed via measurement of TxB~2~ (the inactive metabolite of TxA~2~, generated non-enzymatically) formed in whole blood allowed to clot for 1 hour at 37°C. This assay uses endogenously generated thrombin to release arachidonic acid from platelets; arachidonic acid is converted to PGH~2~ by COX-1 and then transformed to TxA~2~ by the activity of thromboxane synthase.[@b27-jpr-8-105],[@b28-jpr-8-105] To evaluate maximal monocyte COX-2 activity, PGE~2~ levels are measured in whole blood following 24 hours of stimulation with exogenously added lipopolysaccharide to induce COX-2 expression in circulating monocytes.[@b27-jpr-8-105]

Several studies have been performed to define the relationships between the extent of inhibition of COX-1 and COX-2 in whole blood after dosing with NSAIDs (COX isozyme inhibition ex vivo) and the degree of inhibition of prostanoid biosynthesis in vivo by assessing urinary levels of the major enzymatic metabolite of TxB~2~, 11-dehydro-TxB~2~, and the major metabolite of prostacyclin, 2,3-dino-6-keto-PGF~1α~.[@b44-jpr-8-105],[@b45-jpr-8-105] The use of low-dose aspirin, which is a selective inhibitor of platelet COX-1, and coxibs has shown that 11-dehydro-TxB~2~ is primarily of platelet origin (\~70%), while 2,3-dino-6-keto-PGF~1α~ is primarily derived by vascular COX-2 (\~60%). Importantly, inhibition of 11-dehydro-TxB~2~ after dosing with aspirin is initially detected when the maximal capacity of platelet COX-1 is reduced by \>97%.[@b45-jpr-8-105] Thus, the relationship between inhibition of platelet TxB~2~ biosynthesis ex vivo and in vivo is non-linear ([Figure 2A](#f2-jpr-8-105){ref-type="fig"}).[@b44-jpr-8-105] In contrast, the relationship between inhibition of COX-2 activity measured ex vivo and the reduction in PGI~2~ biosynthesis measured in vivo is apparently linear ([Figure 2B](#f2-jpr-8-105){ref-type="fig"}).[@b19-jpr-8-105],[@b45-jpr-8-105]

This knowledge allows prediction of the clinical consequences of COX isozyme inhibition by NSAIDs. NSAIDs may affect platelet function in vivo when the inhibition of platelet COX-1 ex vivo is \>97%.[@b45-jpr-8-105] This effect occurs primarily with low-dose aspirin and persists throughout the dose interval. Naproxen, which is a reversible inhibitor of COX isozymes and has a higher potency for COX-1 than COX-2 and a long half-life (\~14 hours), may have an aspirin-like effect on platelet function in some individuals when administered at high (500 mg twice daily) doses.[@b46-jpr-8-105] The use of whole-blood assays allows for characterization of COX isozyme selectivity of NSAIDs in vitro. Concentration-dependent relationships for inhibition of whole-blood COX-1 and COX-2 activities as a function of the addition of an NSAID in vitro allow for assessment of half-maximal inhibitory concentration (IC~50~) values for COX-1 and COX-2, as well as calculation of IC~50~ ratios for COX-1/COX-2. COX-2 selectivity assessed in human whole blood in vitro is a continuous variable, and it is not possible to separate traditional NSAIDs from coxibs ([Figure 2C](#f2-jpr-8-105){ref-type="fig"}).[@b21-jpr-8-105],[@b27-jpr-8-105],[@b42-jpr-8-105],[@b47-jpr-8-105]--[@b52-jpr-8-105]

All NSAIDs are essentially COX-2 inhibitors with differing degrees of COX-1 inhibition as a "side effect". From a clinical perspective, COX-2 selectivity can be considered as a variable describing the probability of sparing COX-1 activity and avoiding associated side effects (eg, in the gastrointestinal mucosa and platelets) at therapeutic concentrations of the NSAID.[@b53-jpr-8-105] Drugs that inhibit COX-1 and COX-2 with comparable potency (known as nonselective NSAIDs; eg, ibuprofen and ketoprofen) will not spare COX-1 activity after dosing, while drugs with intermediate COX-2 selectivity (eg, nimesulide, meloxicam, diclofenac, celecoxib) or highly selective COX-2 inhibitors (eg, rofecoxib, etoricoxib, lumiracoxib \[not available in the United States\]) have greater potential for sparing COX-1 activity.[@b23-jpr-8-105]

Although in vitro COX-2 selectivity is a chemical feature of the NSAID, COX-2 selectivity measured in whole blood following dosing depends on the dose administered.[@b23-jpr-8-105],[@b54-jpr-8-105] NSAIDs are administered at doses that are not bioequivalent with respect to the extent of inhibition of monocyte COX-2 (which represents a target for drug efficacy) obtained at maximal concentration of drug in the systemic circulation after dosing (C~max~). In particular, NSAIDs with short half-lives (eg, diclofenac) are often given at higher doses to extend their duration of clinical efficacy (analgesic or anti-inflammatory effect). As shown in [Figure 3](#f3-jpr-8-105){ref-type="fig"}, diclofenac 50 mg three times daily is associated with a higher inhibitory effect (\>90% inhibition) over 8 hours following dosing compared with other NSAIDs.[@b54-jpr-8-105] Different NSAIDs are associated with a differential impact of platelet COX-1 (which represents an index of drug-associated side effects) depending upon their COX isozyme selectivity. Thus, administration of high-dose diclofenac and meloxicam, which have comparable and intermediate COX-2 selectivity in vitro, results in partial inhibition of COX-1. Further, the anti-inflammatory and full analgesic effects of NSAIDs are associated with plasma concentrations that inhibit whole-blood COX-2 activity by 80% (IC~80~).[@b55-jpr-8-105] Therefore, for drugs such as diclofenac, lowering the dose will lead to circulating concentrations near the COX-2 IC~80~ values, which correlate with adequate analgesia while reducing COX-1--mediated side effects.[@b23-jpr-8-105],[@b53-jpr-8-105]

Absorption, distribution, and elimination
-----------------------------------------

In addition to dose, the therapeutic activity and side effects of NSAIDs depend on their absorption, distribution, and elimination; these pharmacokinetic parameters can differ substantially between different NSAIDs.[@b56-jpr-8-105] As with any analgesic class, the rate of absorption is a key factor in the selection of an NSAID; those with rapid absorption are preferable for most patients, particularly those with severe or acute pain.[@b56-jpr-8-105] For example, celecoxib, which has a relatively slow rate of absorption, can be administered at standard doses to effectively treat osteoarthritis pain, but is not ideal for treatment of acute pain as it takes considerable time for absorption and often requires a loading dose to achieve clinically meaningful analgesia.[@b56-jpr-8-105]

The distribution of NSAIDs in injured tissues, blood, and other areas of the body is a particularly crucial consideration for ensuring activity at the site of inflammation, as well as reducing the risk of side effects unrelated to therapeutic activity on COX enzymes throughout the body.[@b56-jpr-8-105],[@b57-jpr-8-105] NSAIDs can be classified as acidic or non-acidic based on their chemical structure, and the acidity of the drug can have an effect on its distribution. NSAIDs with acidic functional groups (eg, diclofenac, ibuprofen, ketoprofen) and with a high degree of protein binding have been shown to selectively accumulate and persist at sites of inflammation,[@b56-jpr-8-105]--[@b59-jpr-8-105] while non-acidic NSAIDs (eg, acetaminophen, celecoxib, rofecoxib) tend to be distributed homogenously throughout the body.[@b56-jpr-8-105] Acidic NSAIDs with a high degree of protein binding may remain in inflamed tissues or synovial fluid for a longer time than in the plasma ([Figure 4](#f4-jpr-8-105){ref-type="fig"}). For example, diclofenac 75 mg (enteric-coated) reaches peak concentrations in the synovial fluid that exceed plasma concentrations at 4 hours after oral administration in patients with arthritis;[@b60-jpr-8-105] these high and persistent synovial levels are maintained above or near the expected IC~80~ for COX-2 for up to 12 hours after dosing, with rapid disappearance of diclofenac from the plasma, even after repeated dosing.[@b60-jpr-8-105] The persistence of certain NSAIDs (eg, diclofenac, ibuprofen) in the synovial fluid is associated with a sustained therapeutic effect despite relatively rapid clearance from the plasma, vascular wall, and kidneys, indicating that accumulation at sites of inflammation may allow for continued anti-inflammatory and analgesic activity.[@b57-jpr-8-105] The localization of COX activity to inflamed tissue and the resulting ability to use lower doses than might otherwise be required also minimizes COX inhibition at sites associated with potential side effects (eg, hepatic, renal, cardiovascular, and gastrointestinal adverse effects).[@b57-jpr-8-105],[@b58-jpr-8-105]

The accumulation of NSAIDs at sites of inflammation and accompanying therapeutic effects are also affected by their pharmacokinetic properties (including extended-release or immediate-release formulations). Acidic NSAIDs with short plasma half-lives (eg, diclofenac, ibuprofen, ketoprofen) may be associated with tolerability benefits compared with drugs with a long plasma half-life due to rapid clearance from the plasma and non-targeted tissues, allowing for recovery of COX activity in other tissues (eg, production of vasoprotective prostanoids by endothelial COX-2) even while the drug continues to actively inhibit COX-2 at sites of inflammation. The use of excessively high doses or slow-release formulations of these analgesics could negate these benefits.[@b21-jpr-8-105],[@b29-jpr-8-105],[@b56-jpr-8-105],[@b58-jpr-8-105] Further studies using in vivo markers of COX-2 inhibition (such as urinary metabolites of PGE~2~ and PGI~2~) should ideally be conducted to verify this hypothesis. Persistence in the plasma is also a key factor with respect to the gastrointestinal safety and tolerability of NSAIDs.[@b61-jpr-8-105],[@b62-jpr-8-105]

Interactions of NSAIDs with other drugs
---------------------------------------

NSAIDs are also differentiated by their potential for pharmacodynamic interactions with other drugs, such as aspirin, corticosteroids, and selective serotonin reuptake inhibitors, which are often administered concomitantly for different reasons.[@b56-jpr-8-105],[@b63-jpr-8-105],[@b64-jpr-8-105] Aspirin irreversibly acetylates the COX active site, preventing generation of TxA~2~, a prothrombotic prostanoid involved in platelet activation and aggregation.[@b38-jpr-8-105],[@b39-jpr-8-105] NSAIDs characterized by a high affinity for platelet COX-1 (eg, ibuprofen, naproxen) may interfere with the antiplatelet effects of aspirin; in contrast, this effect has not been detected with NSAIDs having intermediate or high selectivity for COX-2.[@b65-jpr-8-105]--[@b67-jpr-8-105] Moreover, no interaction has been detected with low-dose paracetamol.[@b66-jpr-8-105] Although further randomized controlled trials are needed to confirm the clinical relevance of these pharmacodynamic interactions, an analysis of the medical records of 7,107 patients with cardiovascular disease who received aspirin alone or aspirin plus an NSAID indicated that the risks of all-cause mortality and cardiovascular-related mortality were significantly higher for patients who received aspirin plus ibuprofen compared with those who received aspirin alone (*P*\<0.05), but not for patients who received aspirin plus diclofenac or aspirin plus any other NSAID (drugs not specified).[@b68-jpr-8-105]

NSAID therapy in patients taking anticoagulant therapy with coumarins (vitamin K antagonists) should also be approached with caution. Coadministration of NSAIDs with coumarins may be associated with an increased risk of bleeding complications, particularly for naproxen.[@b69-jpr-8-105] The increased risk of bleeding associated with concomitant use of NSAIDs and coumarins (eg, warfarin) results from displacement of the anticoagulant from plasma proteins by the NSAID, thereby increasing the plasma concentration of free coumarin and associated anticoagulant activity and bleeding risk.[@b70-jpr-8-105]

NSAID safety and tolerability
=============================

Gastrointestinal safety and tolerability
----------------------------------------

Gastrointestinal complications are among the most common and well-known side effects of NSAID treatment and generally result from inhibition of COX-1.[@b11-jpr-8-105],[@b32-jpr-8-105] COX-1 is expressed throughout the gastrointestinal tract and mediates the production of mucosal PGs that confer a number of protective effects, including increasing blood flow to the mucosa and promoting mucus and bicarbonate secretion;[@b11-jpr-8-105],[@b32-jpr-8-105] inhibition of COX-1 may therefore result in an increased susceptibility for mucosal damage (eg, bleeding).[@b11-jpr-8-105],[@b23-jpr-8-105],[@b32-jpr-8-105] Additionally, COX-2 may promote healing of gastric lesions; thus, inhibition of COX-2 may also play a role in the formation of ulcers.[@b23-jpr-8-105]

A recent meta-analysis of data for more than 220,000 patients from 280 placebo-controlled trials of NSAIDs showed that all evaluated NSAIDs (coxibs, diclofenac, ibuprofen, and naproxen) increased the early risk of upper gastrointestinal complications (eg, ulcer perforations, bleeding, obstructions) to some extent.[@b20-jpr-8-105] There is, however, considerable variability in the risk of gastrointestinal complications between NSAIDs.[@b29-jpr-8-105],[@b71-jpr-8-105],[@b72-jpr-8-105] Results of a 2012 meta-analysis of 28 observational studies showed a low risk (relative risk \[RR\] \<2) of upper gastrointestinal complications for aceclofenac, celecoxib, and ibuprofen; intermediate risk (RR 2--4) for diclofenac, meloxicam, and ketoprofen, among others; high risk (RR 4--5) for tenoxicam, naproxen, indomethacin, and diflunisal; and the highest risk (RR \>5) for piroxicam, ketorolac, and azapropazone.[@b71-jpr-8-105] In keeping with results for individual NSAIDs, drugs that have greater selectivity for COX-2 than COX-1 generally have been associated with a lower risk of upper gastrointestinal complications than other NSAIDs.[@b20-jpr-8-105],[@b29-jpr-8-105],[@b73-jpr-8-105] In the recent meta-analysis of data from more than 220,000 patients, the predicted absolute annual risk of upper gastrointestinal complications was lower for NSAIDs with greater COX-2 selectivity (coxibs and diclofenac) compared with non-selective NSAIDs ([Figure 5](#f5-jpr-8-105){ref-type="fig"}).[@b20-jpr-8-105]

Drugs with a long plasma half-life and/or slow-release formulations have been associated with an increased risk of upper gastrointestinal bleeding, likely due to persistent exposure of the gastrointestinal tract to circulating NSAIDs.[@b29-jpr-8-105] In addition, the use of high daily doses of NSAIDs is also associated with a two- to three-fold increase in the risk of upper gastrointestinal complications relative to low daily doses,[@b71-jpr-8-105] possibly due to dose-related effects on the levels of COX-1 and COX-2 inhibition.[@b54-jpr-8-105],[@b74-jpr-8-105] Because both COX-1 and COX-2 are associated with the production of cytoprotective prostanoids, simultaneous and sustained inhibition of both COX isozymes by NSAIDs may translate into a profound suppression of these prostanoids and promote damage to the gastrointestinal tract.[@b23-jpr-8-105],[@b29-jpr-8-105]

Cardiovascular safety and tolerability
--------------------------------------

Although aspirin confers cardioprotective effects, most other NSAIDs are associated with an increased risk of cardiovascular adverse events, including hypertension, myocardial infarction, stroke, and heart failure.[@b10-jpr-8-105],[@b11-jpr-8-105],[@b75-jpr-8-105]--[@b77-jpr-8-105] In the meta-analysis of data from more than 220,000 patients, a significant increase in the risk of major vascular events was observed for high doses of coxibs and diclofenac, and was largely related to increased risk of major coronary events; in contrast, neither ibuprofen or naproxen were associated with an increased risk of major vascular events, although ibuprofen was associated with an increase in major coronary events comparable with that of coxibs and diclofenac ([Figure 5](#f5-jpr-8-105){ref-type="fig"}).[@b20-jpr-8-105] The cardiovascular safety findings for diclofenac may reflect the use of doses above the IC~80~ for COX-2 (typically 150 mg/day).[@b20-jpr-8-105] At lower doses, there is little evidence for an increased risk of cardiovascular events with diclofenac.[@b78-jpr-8-105] A recent meta-analysis of cardiovascular risk and total daily diclofenac dose from eleven studies demonstrated a linear relationship between diclofenac dose and risk of experiencing a cardiovascular event, with only a small (although significant) increase in risk observed with low doses of diclofenac compared with not taking an NSAID.[@b79-jpr-8-105]

Like the risk of gastrointestinal complications, the risk of cardiovascular complications can be affected by drug exposure.[@b21-jpr-8-105],[@b77-jpr-8-105] In a 2008 observational study, the risk of myocardial infarction was increased with higher doses and with exposure to slow-release formulations of NSAIDs, even after adjusting for the dose.[@b21-jpr-8-105] Based on these and other safety findings, the American Heart Association recommends patients take the lowest effective dose of NSAIDs for the shortest duration of time.[@b25-jpr-8-105]

The cardiovascular risk conferred by non-aspirin NSAIDs is likely associated with inhibition of COX-2--mediated production of PGI~2~, which has a cardioprotective role in the circulatory system, promoting vasodilation, preventing platelet activation and cell adhesion,[@b22-jpr-8-105],[@b23-jpr-8-105] and counteracting the action of TxA~2~, as well as several other stimuli.[@b22-jpr-8-105] The antiplatelet effects of aspirin are mediated by irreversible inhibition of COX-1, resulting in profound and persistent reduction of TxA~2~ production and TxA~2~-dependent platelet activation (for several days after aspirin administration).[@b38-jpr-8-105],[@b66-jpr-8-105] However, for most other traditional NSAIDs and coxibs, COX-1 inhibition is only transient and insufficient to translate into inhibition of atherothrombosis.[@b23-jpr-8-105] The exception is naproxen, which has a long half-life and potently inhibits platelet COX-1 activity sufficiently to prevent platelet aggregation at high doses;[@b44-jpr-8-105],[@b80-jpr-8-105] however, unlike aspirin, naproxen is a reversible inhibitor of COX-1 with variable effects across dosing intervals.[@b80-jpr-8-105] Moreover, naproxen profoundly affects systemic PGI~2~ biosynthesis, while aspirin (at a low dosage) has only a marginal effect on biosynthesis of PGI~2~.[@b80-jpr-8-105] Thus, as shown in the clinical data, naproxen is neutral with regard to cardiovascular risk, while aspirin is associated with a protective role.[@b19-jpr-8-105]

Biomarkers to predict drug responses
====================================

The use of biochemical markers of COX inhibition may assist clinicians in the rational selection of an appropriate NSAID dose to achieve efficacy; this dose should be the lowest effective dose to limit the risk of adverse events.[@b25-jpr-8-105] However, differences in the efficacy and tolerability of NSAIDs have been observed between individuals,[@b21-jpr-8-105],[@b29-jpr-8-105],[@b30-jpr-8-105],[@b47-jpr-8-105] resulting from genetic factors that affect the pharmacokinetics and pharmacodynamics of NSAIDs ([Figure 6](#f6-jpr-8-105){ref-type="fig"}).[@b26-jpr-8-105] For example, cytochrome (CYP) enzymes are responsible for the metabolism of approximately 70%--80% of all drugs, including several NSAIDs,[@b81-jpr-8-105],[@b82-jpr-8-105] and interindividual differences in CYP450 expression can therefore result in altered metabolism of some NSAIDs.[@b26-jpr-8-105] A number of single-nucleotide polymorphisms in the genetic sequence of CYP2C9 have been described,[@b83-jpr-8-105] and the product of one of these altered genes, CYP2C9\*2, is associated with reduced metabolism of celecoxib and an accompanying increase in CYP2C9\*2 plasma concentration within 4 hours of administration in healthy individuals.[@b30-jpr-8-105]

In addition to interindividual variability in COX inhibition, the individual's clinical background, particularly gastrointestinal and cardiovascular risk factors, should also be considered as important predictors of the risk of adverse reactions due to NSAIDs. Together, these factors should be used to select an NSAID and dose that will be both effective and well tolerated,[@b26-jpr-8-105],[@b55-jpr-8-105] and to help guide individualized treatment strategies.

Studies are ongoing to verify the feasibility of using of biochemical markers of COX isozyme inhibition ex vivo and in vivo together with genetic biomarkers to identify individuals at accelerated risk of developing cardiovascular and gastrointestinal adverse events by NSAID administration.

Conclusion
==========

NSAIDs are among the most commonly prescribed and used medications worldwide.[@b9-jpr-8-105],[@b10-jpr-8-105] However, they are associated with safety and tolerability concerns.[@b23-jpr-8-105] There are a number of factors that need to be considered in the selection of an NSAID, including its potency, selectivity for the COX-1 and COX-2 isoforms, pharmacokinetic properties, pharmacodynamic interactions, and the overall impact of these features on tolerability and safety. In addition to the gastrointestinal and cardiovascular safety of NSAIDs, the negative effects of inhibiting prostanoid production on other body systems should be considered. Emerging factors, including biomarkers, may assist clinicians in the selection of appropriate doses and types of NSAIDs. Finally, the individual's clinical background, particularly gastrointestinal and cardiovascular risk factors, should be considered as important determinants that may exacerbate adverse reactions to NSAIDs. The risk factors for cardiovascular and gastrointestinal side effects of NSAIDs are summarized in [Table 1](#t1-jpr-8-105){ref-type="table"}. NSAIDs should be used with caution in patients with risk factors for atherothrombotic events. The long-term use of higher doses of NSAIDs represents an independent risk factor for cardiovascular and gastrointestinal adverse events;[@b25-jpr-8-105],[@b84-jpr-8-105] therefore, the lowest dose of an NSAID should be used, particularly in patients with other known risk factors.[@b25-jpr-8-105]

Current knowledge of factors affecting the safety and tolerability of NSAIDs, including the impact of selectivity, dose, and pharmacokinetics, is being used to guide the development of novel formulations of NSAIDs that address some of these tolerability concerns. For example, a novel immediate-release diclofenac formulation, which has a short half-life, acidic profile, and COX-2 selectivity, has been developed that allows for the use of lower doses (thus reducing systemic exposure and the potential for adverse events) together with rapid attainment of C~max~, providing sustained analgesia with a rapid onset.[@b85-jpr-8-105] Strategies to mitigate the risks and maximize the therapeutic benefits associated with NSAIDs should continue to be employed, such as use of the lowest effective dose for the shortest period of time, use of immediate-release formulations, avoidance of known drug interactions (eg, concomitant use with corticosteroids, low-dose aspirin, or other antiplatelet/anticoagulation events), and limited use of NSAIDs with high gastrointestinal toxicity.[@b23-jpr-8-105],[@b86-jpr-8-105],[@b87-jpr-8-105] Additional strategies for minimizing the risks associated with NSAIDs in individuals with gastrointestinal and/or cardiovascular risk factors are summarized in [Table 2](#t2-jpr-8-105){ref-type="table"}.
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![Mechanism of action of NSAIDs.\
**Notes:** COX-1 and COX-2 catalyze conversion of arachidonic acid into the intermediate metabolite PGH~2~, which is the rate-limiting step of prostanoid formation. The activity of different prostanoids in a tissue depends on the cell type--specific expression of their receptors and on their biosynthesis. tNSAIDs and coxibs act by selectively inhibiting COX-1--dependent and/or COX-2--dependent prostanoid biosynthesis.[@b19-jpr-8-105],[@b88-jpr-8-105]--[@b90-jpr-8-105]\
**Abbreviations:** COX, cyclooxygenase; cPGES, cytosolic PGE~2~ synthase; CRTH2, chemoattractant receptor--homologous molecule expressed on T helper 2 cells; DP, PGD~2~ receptor; EP, PGE receptor; FP, PGF receptor; GI, gastrointestinal; H-PGDS, hematopoietic PGD synthase; IP, PGI~2~ receptor; L-PGDS, lipocalin-type PGD synthase; mPGES, membrane-associated PGE~2~ synthase; PG, prostaglandin; PGFS, PGF synthase; PGIS, PGI~2~ synthase; tNSAIDs, traditional non-steroidal anti-inflammatory drugs; TP, TX receptor; TxA~2~, thromboxane A~2~; TXS, thromboxane synthase.](jpr-8-105Fig1){#f1-jpr-8-105}

![Selectivity of NSAIDs for COX-1 and COX-2.\
**Notes:** (**A**) Relationship between inhibition of TxA~2~ in vivo and inhibition of COX-1 activity ex vivo is non-linear. (**B**) Conversely, the relationship between inhibition of prostacyclin in vivo and inhibition of COX-2 activity ex vivo is linear.[@b19-jpr-8-105],[@b44-jpr-8-105] (**C**) Relative COX-1/COX-2 selectivity of NSAIDs at their IC~50~ is shown, where higher values (\>1) indicate greater selectivity for COX-2, while lower values (\<1) indicate greater selectivity for COX-1.[@b19-jpr-8-105],[@b27-jpr-8-105],[@b42-jpr-8-105],[@b47-jpr-8-105]--[@b52-jpr-8-105] [Figures 2B and 2C](#f2-jpr-8-105){ref-type="fig"} reprinted from García Rodríguez LA, Tacconelli S, Patrignani P. Role of dose potency in the prediction of risk of myocardial infarction associated with nonsteroidal anti-inflammatory drugs in the general population. *J Am Coll Cardiol*. 2008;52(20):1628--1636, with permission from Elsevier.[@b21-jpr-8-105]\
**Abbreviations:** ASA, acetylsalicylic acid; COX, cyclooxygenase; IC~50~, half-maximal inhibitory concentration; NSAID, non-steroidal anti-inflammatory drug; PGI-M, 2,3-dino-6-keto-prostaglandin F~1α~; TxA~2~, thromboxane A~2~.](jpr-8-105Fig2){#f2-jpr-8-105}

![Average inhibition of whole-blood COX-2 activity (**A**) and COX-1 activity (**B**) by NSAIDs. Inhibition was observed over 8 hours following dosing with different NSAIDs.\
**Note:** Reproduced with permission from Van Hecken A, Schwartz JI, Depré M, et al. Comparative inhibitory activity of rofecoxib, meloxicam, diclofenac, ibuprofen, and naproxen on COX-2 versus COX-1 in healthy volunteers. *J Clin Pharmacol*. 2000;40(10):1109--1120. ©1999--2014 John Wiley & Sons, Inc.[@b54-jpr-8-105]\
**Abbreviations:** BID, twice-daily dosing; COX, cyclooxygenase; NSAID, non-steroidal anti-inflammatory drug; PGE~2~, prostaglandin E~2~; QD, once-daily dosing; TID, dosing three times per day; TxB~2~, thromboxane B~2~.](jpr-8-105Fig3){#f3-jpr-8-105}

![NSAID concentration in inflamed tissue/synovial fluid and plasma.\
**Notes:** For an acidic, rapid-release NSAID, the concentration of drug peaks quickly in the plasma after dosing, then declines rapidly, while the concentration in the synovial fluid peaks with some delay and declines slowly. At therapeutic dosing levels, this could result in persistent therapeutic activity (inhibition of hyperalgesia-inducing prostaglandins) in the absence of high plasma concentrations, as drug levels in the synovial fluid exceed the concentration required for 80% inhibition of COX-2 activity (the level of inhibition required for full analgesic efficacy,[@b55-jpr-8-105],[@b60-jpr-8-105] shown in blue shading), while potentially allowing for a period of recovery of the blood/vasculature and other central organs (eg, kidney, shown in green shading).[@b57-jpr-8-105],[@b60-jpr-8-105] This figure shows the approximate changes in plasma and tissue/synovia concentrations after multiple twice-daily dosing (Day 8 is shown in this example). The red arrows beneath the x axis indicate dosing times.\
**Abbreviations:** COX, cyclooxygenase; NSAID, non-steroidal anti-inflammatory drug.](jpr-8-105Fig4){#f4-jpr-8-105}

![Predicted annual absolute risks of major vascular events or upper gastrointestinal complications with long-term, high-dose therapy.\
**Notes:** Risks (±1 standard error) are shown for (**A**) coxib, (**B**) diclofenac, (**C**) ibuprofen, and (**D**) naproxen for patients with the specified predicted annual risk of a major vascular event (left panels) or an upper gastrointestinal complication (right panels). The predicted annual risk of upper gastrointestinal complications is lower for NSAIDs with greater COX-2 selectivity (eg, coxibs and diclofenac), while the risk of major vascular events is comparable between these drugs. Naproxen, which has no COX-2--specific selectivity, shows some cardioprotective effects but more gastrointestinal toxicity. Reproduced from Coxib and traditional NSAID Trialists' (CNT) Collaboration. Vascular and upper gastrointestinal effects of non-steroidal anti-inflammatory drugs: meta-analyses of individual participant data from randomised trials. *Lancet*. 2013;382(9894):769--779. Permission conveyed through Copyright Clearance Center, Inc.[@b20-jpr-8-105]\
**Abbreviations:** COX, cyclooxygenase; NSAIDs, non-steroidal anti-inflammatory drug; pa, per annum; SE, standard error.](jpr-8-105Fig5){#f5-jpr-8-105}

![Determinants and sources of variability in the individual response to an NSAID.\
**Notes:** There are a number of factors that influence the likelihood of experiencing GI or CV adverse events associated with NSAID use. The pharmacokinetics and pharmacodynamics of the drug may be affected by genetic factors (eg, differences in expression of drug-metabolizing enzymes). In addition, individual clinical and demographic characteristics may affect the therapeutic activity and tolerability of the NSAID. Adapted with permission from Patrono C, Patrignani P, García Rodríguez LA. Cyclooxygenase-selective inhibition of prostanoid formation: transducing biochemical selectivity into clinical read-outs. *J Clin Invest*. 2001;108(1):7--13. Permission conveyed through Copyright Clearance Center, Inc.[@b31-jpr-8-105]\
**Abbreviations:** ASA, acetylsalicylic acid; COX, cyclooxygenase; CV, cardiovascular; CYP, cytochrome enzymes; GI, gastrointestinal; NSAID, non-steroidal anti-inflammatory drug; PU, peptic ulcer; SNP, single-nucleotide polymorphism.](jpr-8-105Fig6){#f6-jpr-8-105}

###### 

Risk factors for NSAID gastrointestinal and cardiovascular side effects

  -----------------------------------------------------------------------------------------------
  Risk factors for GI side effects
  • Advanced age (ie, ≥65 years of age)
  • History of peptic ulcers
  • History of upper GI bleeding
  • Serious comorbid medical conditions
  • Concomitant *Helicobacter pylori* infection
  • Concomitant use of corticosteroids and/or selective serotonin reuptake inhibitors
  • Concomitant use of antiplatelet therapy (eg, aspirin, clopidogrel) and other anticoagulants
  • Use of high NSAID doses
  • Cigarette smoking
  • Alcohol consumption
  Risk factors for CV side effects
  • Unstable angina
  • Myocardial infarction
  • Recent bypass surgery
  • Recent placement of a cardiovascular stent
  • Use of high NSAID doses
  • Hypertension
  • Heart failure
  -----------------------------------------------------------------------------------------------

**Note:** Data supported by several studies.[@b23-jpr-8-105],[@b25-jpr-8-105],[@b84-jpr-8-105],[@b86-jpr-8-105],[@b87-jpr-8-105]

**Abbreviations:** CV, cardiovascular; GI, gastrointestinal; NSAID, non-steroidal anti-inflammatory drug.

###### 

Prevention strategies in patients with cardiovascular and/or gastrointestinal risk factors treated with NSAIDs

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  General rules
  • Use the lowest effective NSAID dose for the shortest period of time
  • Immediate-release NSAID formulations are preferred, with repeated administration as necessary
  • Avoid concomitant therapy with corticosteroids, low-dose aspirin, or other antiplatelet/anticoagulation agents
  • Limit use of NSAIDs with the highest GI toxicity (eg, ketorolac, piroxicam, and ketoprofen)
  • Test for *Helicobacter pylori* infection in patients with prior ulcer history and eradicate if present
  **Use of prevention strategies**
  GI risk factors
  • Low risk: intermediate or highly COX-2--selective NSAID (standard dose) alone, or nonselective NSAID + gastroprotectant therapy (eg, PPI, misoprostol)
  • One or two risk factors: intermediate or highly COX-2--selective NSAID + gastroprotectant therapy (eg, PPI, misoprostol)
  • History of ulcer bleeding
   ○ Highly COX-2--selective NSAID + gastroprotectant therapy (eg, PPI, misoprostol)
   ○ Avoid nonselective NSAIDs (eg, naproxen)
   ○ Eradicate *H. pylori* infection
  Previous CV events or risk for CV events (patients under treatment with low-dose aspirin)
  • Low risk for GI events: nonselective NSAID (naproxen) + gastroprotectant therapy (eg, PPI); aspirin and naproxen should be administered at different times to mitigate (but not completely avoid) interference with aspirin's antiplatelet effect
  • High risk for GI events (history of ulcer bleeding)
   ○ Avoid the use of NSAIDs (including nonselective and intermediate or highly COX-2--selective NSAIDs)
   ○ Eradicate *H. pylori* infection
   ○ Avoid use of ibuprofen, as it may interfere with aspirin's antiplatelet effect
   ○ Substitution of aspirin with other antiplatelet therapy (clopidogrel) is not recommended
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Note:** Data supported by several studies.[@b23-jpr-8-105],[@b86-jpr-8-105],[@b87-jpr-8-105]

**Abbreviations:** CV, cardiovascular; GI, gastrointestinal; NSAID, non-steroidal anti-inflammatory drug; PPI, proton pump inhibitor.
